The sensitivity of the atmospheric circulation to sea surface temperature (SST) anomalies over the tropical and subtropical South Atlantic is studied by means of simulations with an atmospheric general circulation model (GCM). Two cases are considered depending upon the prescribed SST anomalies. The first is observed to occur during austral summers in association with a strengthening of the South Atlantic Convergence Zone (SACZ), and consists of cold SST anomalies over the subtropical South Atlantic. The second is the leading seasonally varying empirical orthogonal function of SST, consisting of warm basin-scale anomalies with maximum amplitude in
In the first case, cold subtropical SST anomalies during January-March are found to cause a strong statistically significant cooling in the lower troposphere, a net heat flux into the ocean and reduced rainfall over the maritime part of the SACZ, accompanied by anticyclonic lower-tropospheric wind anomalies in the SACZ region. There are no statistically significant anomalies in the upper troposphere.
In the second case, warm basin-scale anomalies are found to have their largest impact during boreal summer, with a strong statistically significant equatorial "Gill-type" response and positive rainfall anomalies over the equatorial ocean. The latter does not extend appreciably into the adjacent continents, although there are significant positive rainfall anomalies over the Sahel in April-June and negative anomalies over the western
Introduction
The tropical Atlantic Ocean is arguably second only to the tropical Pacific in the strength of its influence on the atmosphere on seasonal-to-interannual time scales, and the potential importance of this influence for predicting seasonal rainfall in tropical South America and Africa (e.g. Moura and Shukla 1981, Chang et al. 2000) . The inter-tropical convergence zone (ITCZ) over the Atlantic migrates with the seasons and is modulated in its intensity and geographical area, extending its influence into northeast Brazil at its southernmost position during March-April, and Sahelian Africa as it migrates to its northernmost point in late boreal summer. Both of these regions experience significant droughts when the seasonal migration fails to be as pronounced as usual, or when there are anomalies in the ITCZ's intensity and spatial extent (Hastenrath and Heller 1977 , Lamb 1978a ,b, Folland et al. 1991 .
The ocean plays a key role in the scientific rationale behind seasonal-tointerannual climate prediction due to its large thermal inertia and slow dynamical adjustment times have the potential to influence the atmosphere. It is clear that the tropical Atlantic exerts a powerful control on the seasonal migration of the ITCZ because the latter lags the solar calendar by up to 3-4 months. The way in which interannual anomalies in Atlantic SSTs and coupled ocean-atmosphere interactions influence the ITCZ, particularly over the South Atlantic, is a matter of current debate. The dynamics of tropical Atlantic variability has often been described in terms of two modes: an equatorial mode with dynamics similar to those of the El Niño-Southern Oscillation (ENSO), but highly damped (Zebiak 1993, Tseng and Mechoso 2000) , and a cross-equatorial "dipole" mode (Chang et al. 1997) . Recent work has demonstrated, however, that Atlantic SST anomalies are almost uncorrelated across the equator (Dommenget and Latif 2000) .
Several studies have addressed the tropical North Atlantic, which directly impacts the ITCZ and which is strongly influenced by ENSO in boreal spring (Enfield and Mayer 1997, Saravanan and Chang 2000) , and by the North Atlantic Oscillation (NAO) (Namias 1972) .
In this paper we investigate the influence of SST anomalies over the South Atlantic on the atmospheric circulation. Due to asymmetries in continental geometry, the This paper presents simulations with an atmospheric general circulation model (GCM) designed to investigate the sensitivity of the atmosphere to South Atlantic SST anomalies during the calendar half-year January-June, focusing on subtropical SACZrelated anomalies in January-March, and the increasingly strong equatorial anomalies that develop by June. We present and validate the hypothesis that events over the subtropical South Atlantic during January-March can influence the equatorial eastern Atlantic SST in April-June where the atmosphere is sensitive to them, and the implications for seasonal predictability.
Section 2 describes the GCM experiments. The SACZ-related SST anomaly experiment is presented in Sect. 3. In Sect. 4, we derive the seasonally varying SST anomaly forcing and describe the GCM's response to it. Section 5 contains a discussion and conclusions.
Model and simulations
We use the UCLA AGCM, which includes advanced parameterizations of the major physical processes in the atmosphere. The parameterization of cumulus convection is a version of the Arakawa-Schubert scheme (Arakawa and Schubert 1974) in which the cloud work function quasi-equilibrium assumption is relaxed by predicting the cloudscale kinetic energy (Randall and Pan 1993) . PBL processes are parameterized using the mixed-layer approach of Suarez et al. (1983) as recently revised by Li and Arakawa (1999) ; these modifications result in much improved surface latent heat fluxes and stratocumulus cloud incidence. The parameterization of radiative processes is from Harshvardhan et al. (1987 Harshvardhan et al. ( , 1989 . A more detailed description of the model can be found in Mechoso et al. (2000) and electronically at http://www.atmos.ucla.edu/esm/agcmdir.
The work is performed with the high resolution 2. . Two ten-member control ensembles were performed using GISST climatological SSTs 1960 -1990 (Rayner et al. 1995 . Two additional ensembles were performed, each with different distributions of SST anomalies added to the climatological fields, as described in Sects. 3 and 4 below. The SST anomaly distribution in Fig. 1b was multiplied by a factor of three to enhance the signal-to-noise ratio, yielding maximum cold anomalies of about 1K, and prescribed as a fixed SST anomaly on top of the monthly GISST climatology in an ensemble of 9 November-March simulations. Figure 2 shows the GCM's JFM-average response, with the statistically significant areas (shaded at 95%) computed using a twosided Student t-test with one degree of freedom per simulation (minus 1), giving 28 in all (using both 10-member control runs to compare against). The response is not significant either in the upper troposphere or outside the geographical domain shown.
Subtropical cold anomaly
The GCM's response shows a broad, local, cold lower-tropospheric anomaly with net-heat flux anomalies into the ocean, tending to damp the prescribed cold SST anomaly. Rainfall is reduced over the cold anomaly, with both precipitation and temperature anomalies that are strongest over the ocean and extend northwestward over the continent. The anomalous wind and omega fields exhibit the same relationship to each other as seen in the observed anomalies in Fig. 1 . What is obvious, however, is that the polarity of the simulated anomalies is the opposite of the observed ones. As discussed in Sect. 5, the implication is that the SST anomalies in Fig. 1b are forced by the atmosphere, confirming previous ideas, e.g. Kalnay et al. (1986) . The nodal line of the precipitation anomalies roughly coincides with the axis of the GCM's climatological SACZ, so that the anomalies tend to be associated with shifts in the SACZ.
Evolving basin-scale pattern
To take a broader perspective of South Atlantic SST anomalies, Fig 
Discussion and conclusions
Our goal in this paper is to illuminate outstanding aspects of ocean-atmosphere interactions over the South Atlantic by examining the response of an atmospheric GCM to oceanic anomalies prescribed in the tropics and subtropics. In a previous study of atmospheric variability over South America based on an EOF analysis of winds from observational data, Robertson and Mechoso (2000) found that interannual changes in the intensity of the SACZ during austral summer are associated with simultaneous SST anomalies over the SW Atlantic. Here we show that this type of SST anomaly prescribed in the boundary conditions of our GCM does significantly influence the simulated SACZ and associated low-level wind anomalies. The influence, however, is of the opposite sense to the one observed: while an intensified SACZ is observed to be predominantly accompanied by cold SST anomalies around 10-30 o S (Fig. 1) , prescribing the latter acts to damp the GCM's SACZ and to displace it poleward.
In spite of the opposition of signs, the GCM response does capture the dipole-type structure of the vertical motion anomalies associated with interannual variability of the SACZ, as well as the associated low-level eddy circulation (Figs. 1a and 2a) . Thus, anomalous ascent in the simulation is accompanied by anomalous northwesterlies, and vice versa. On the other hand, the observed SACZ circulation anomalies documented in Robertson and Mechoso (2000) is seen also seen during ENSO episodes (Cazes et al. 2002) . The GCM fields resemble the local response to surface thermal forcing. One should be cautious in interpreting the lack of vertical coherence in the simulation as either supporting or challenging a physical hypothesis, however, since the control run of the GCM does not entirely succeed in capturing that feature. The only noticeable anomaly over land is over sub-Saharan Africa. This particular anomaly is most pronounced during June, and less so in July-September (not shown).
While the anomaly is confined to a single month in the simulation, it is nonetheless statistically significant and could be interpreted as an early onset to the wet season there.
It is somewhat surprising that the precipitation anomalies do not extend more into the continents although the mean seasonal cycle of precipitation is simulated quite realistically. One potentially limiting factor in this regard is that the GCM does not include interactive land surface processes. Barreiro et al. (2002) 
